Small system collectivity observed at the LHC energies along with enhancement of strangeness makes high-multiplicity proton+proton collisions very interesting in order to look for QGP-like features, usually found in heavy-ion collisions. It may be interesting to perform a double differential study of different observables in pp collisions in terms of charged particle multiplicity and event shape in order to understand the new dimensions in high-multiplicity pp physics. We study the correlation between the number of multi-partonic interactions (nMPI), event shape (transverse spherocity) and charged particle multiplicity classes. For the first time, we report the simulation results on the spherocity and multiplicity dependent study of (π
I. INTRODUCTION
Recent multiplicity dependent measurements of identified particle production from the experiments at the Large Hadron Collider (LHC) [1] have revealed QGP-like behavior in high multiplicity proton+proton (pp) collisions, which raise concerns whether pp collisions can be used as a proper benchmark for comparison with heavyion results to understand the formation of a medium with high temperature/energy density. Such behaviours have important consequences in understanding the data from heavy-ion collisions at the LHC energies as one should consider the contribution of QGP-like effects in small systems. The origin of these effects needs proper investigation as it has been shown from hydro calculations [2, 3] , where a hot and dense QCD medium is implicitly assumed, can describe many features of experimental data. However, this also can be achieved from initial state effects [4, 5] . Similarly, PYTHIA 8 [6] seems to reproduce collectivity-like features in pp collisions, which are attributed to the multi-parton interactions (MPI) [7] and color reconnection (CR) [8] mechanisms. Because of the composite nature of protons, it is possible to have events with multiple parton-parton interactions (MPI) in a single pp collision. This process is one of the key ingredients in PYTHIA [9] and it is well supported by experimen-tal data in pp collisions [10, 11] . The linear increase of J/ψ production [12] at the forward rapidities in pp collisions at the LHC is very well explained through the MPI and CR mechanisms in PYTHIA 8 [13] . The parameters for MPI are usually tuned by looking at the observables like charged particle multiplicity, transverse momentum (p T ) and their correlations. But, this approach excludes many details of pp interactions, which leads to failure of describing different observables like the strange particle production [14, 15] and jet production rate [16] as a function of the event multiplicity. Thus, one should look into new observables which will help to understand the component of hadronic interactions, hard (pQCD) or the soft, which fails to be described by theory, eventually causing overall disagreements. From Pythia 8.180 onwards, the color-reconnection (CR) mechanism is implemented which explains flow-like patterns in pp collisions [8] . This pattern increases with the number of MPI and the average MPI increases with event-multiplicity but it saturates for high-multiplicity [8, 17, 18] . Event shape observables allow the possibility to separate the high and low number of MPI events to isolate the behavior of particles inside jets (hard processes) and that pertaining to the bulk (soft processes).
Event shape studies at the LHC [16] allows to extract more informations from the data by separating the jetty (high p T -jets) and isotropic events (low-Q 2 partonic scatterings). Event generators reported in Ref. [16] overestimate the contribution of events with back-to-back jet structure while underestimates the contribution of isotropic events at high multiplicity. This suggests that the average measurements do not contain enough information and proper care is needed while extracting physics from models/event generators. To understand the influence of multi-partonic interactions on the final state in pp collisions, the study of event shape has to be performed in data and models as well. It has been reported that in the transverse spherocity event classes, the number of multipartonic interactions (nMPI) distributions are narrower compared to that of without any selection of the event shape [18] . This result can help to understand more on the jet production, identified particle ratios (baryon to meson and strange to non-strange) and the steep rise of mean transverse-momenta of charged particles in small systems. A comprehensive differential study using event shapes would reveal interesting features, which could be exploited to get physical information as well as to improve models in the MC event generators. In Ref. [19] , the preliminary results from ALICE in pp collisions at √ s = 13 TeV as a function of event shape and multiplicity are compared with event generators such as PYTHIA 8 and EPOS-LHC. The event generators seem to describe the data qualitatively.
In this paper, we perform a comprehensive double differential (event shape and multiplicity) study of identified particle production in terms of p T -spectra, integrated yield, mean p T and the p T -differential and p Tintegrated particle ratios. We also explore the dependence of event shape and charged particle multiplicity to the multi-partonic interactions in pp collisions.
This article is organized as follows. We start with the complete description of the event generation in PYTHIA 8 and the analysis methodology in Section II. The correlation of MPI, event-multiplicity and transverse spherocity are described in Section III. In the Section IV, we report and discuss the results such as the p T -spectra, integrated yield, mean p T and the particle ratios for identified particles. Finally, we conclude with summary in the Section V.
II. EVENT GENERATION AND ANALYSIS METHODOLOGY
PYTHIA is an event generator used to simulate ultrarelativistic collision events at high energies among the elementary particles like e ± , p, andp. It is incorporated with many models and theory relevant in physics like hard and soft interactions, parton distributions, initialand final-state parton showers, multipartonic interactions, fragmentation, color reconnection and decay [9] .
In our present study, we have used PYTHIA 8.235, an advanced version of PYTHIA 6 which includes the multi-partonic interaction (MPI) scenario as one of the key improvements. In PYTHIA, MPI scenario is crucial to explain the underlying events, multiplicity distributions and flow-like patterns in terms of color reconnection. The detailed explanation of the physics processes in PYTHIA 8.235 can be found in Ref. [20] . We have implemented the inelastic, non-diffractive component of the total cross section for all hard QCD processes (HardQCD : all = on). This analysis is carried out with 250 million events at √ s = 13 TeV with Monash 2013 Tune (Tune:14) [21] and MPI based scheme of color reconnection (ColorReconnection:mode(0)). For the generated events, the hadron level decay is switched off (HadronLevel:Decay = off). The event selection criteria throughout the analysis is such that only those events were chosen which have at-least 5 tracks (charged particles). Charged particle multiplicities (N ch ) have been chosen in the acceptance of V0 detector in ALICE at the LHC with pseudo-rapidity coverage of V0A (2.8 < η < 5.1) and V0C (−3.7 < η < −1.7) [22] . These events are categorized in ten V0 multiplicity (V0M) bins and we define V0M-I as the top 10 percent of events and V0M-X as the lowest 10 percent of events. The number of charged particle multiplicities in each event in different V0M classes are listed in Table I . The minimum bias events are those events where no selection on charged particle multiplicity is applied. To disentangle the jetty and isotropic events from the average-shaped events, we have applied spherocity (defined in next section) cuts on generated events. In this analysis the spherocity distributions are selected in the pseudo-rapidity range of |η| < 0.8 with a minimum constraint of 5 charged particles with p T > 0.15 GeV/c. The jetty events are those having 0 ≤ S 0 < 0.28 with lowest 20 percent and the isotropic events are those having 0.63 < S 0 ≤ 1 with highest 20 percent of the total events [19] . Transverse spherocity for an event is defined for a unit vectorn(n T , 0) which minimizes the following ratio [17, 18, 23] :
By restricting it to transverse plane, spherocity becomes infrared and collinear safe [24] . By construction, the extreme limits of spherocity are related to specific configurations of events in transverse plane. The limit of spherocity is in between 0 to 1. Spherocity becoming 0 would mean that the events are pencil-like (back to back structure) while 1 would mean the events are isotropic. The pencil-like events are hard events while the isotropic events are the result of soft processes. Figure 1 depicts the jetty and isotropic events in the transverse plane.
Upper (Lower) panel of fig. 2 shows the correlation between the spherocity (nMPI) with charged particle multiplicity. A clear charged particle multiplicity dependence of spherocity and nMPI distributions is observed. As we move from low to high multiplicity events, the peak of the spherocity distribution shifts towards right. This indicates that the high multiplicity pp collisions are dominated by isotropic events while the low multiplicity events are dominated by the jetty ones. The nMPI distributions suggest that large number of multi-partonic interactions occur for high multiplicity pp collisions. From fig. 2 one observes that the width of the nMPI distribution increases from lower to higher multiplicity classes making it squat, whereas the height goes down. For all multiplicity classes the distribution seems to be positively skewed. For a given class of multiplicity, as nMPI follows a distribution and towards high-multiplicity it shows a saturation behaviour [18] , event multiplicity and nMPI can't be used uniquely to classify events in pp collisions. We observe larger number of average nMPIs for isotropic events than the jetty events. It is evident from event shape analysis that spherocity along with the charged particle multiplicity (which is correlated with nMPI) should be preferred for a better selectivity of events. We use the spherocity distribution shown in fig. 2 to make a clear distinction between isotropic and jetty events. Further combining spherocity with event multiplicity, we study various observables as discussed in the following section to understand the dynamics of particle production in pp collisions at √ s = 13 TeV.
IV. RESULTS AND DISCUSSION
As discussed in the previous section, we use spherocity as a tool to distinguish the isotropic and jetty events for each multiplicity class. We study the p T - spectra, integrated yield, mean transverse momentum for (π
as a function of spherocity and charged particle multiplicity. We also study the p T -differential and p T -integrated particle ratios to (π + + π − ) and (K + + K − ) and (p +p) to φ ratio as a function of spherocity for high multiplicity pp collisions. From here onwards, (π
, (p + p) and (Λ +Λ) are denoted as pion (π), kaon (K), proton (p) and Λ, respectively.
A. pT-spectra Figure. 3 shows the p T -spectra for pion, kaon, K * 0 , proton, φ and Λ at mid-rapidity (|η| < 0.5) for different multiplicity classes in pp collisions at √ s = 13 TeV. We observe a clear multiplicity dependence of the spectral shapes. As we move from low to high charged particle multiplicity, we observe hardening of p T -spectra while the bulk production is similar for all the multiplicity classes. This trend is similar to that in experimental data from ALICE [25] for multiplicity dependence study in pp collisions at √ s = 7 TeV. Left panel of Fig. 4 shows the spherocity dependence of p T -spectra of identified particles for minimum bias pp collisions. The right panel shows the ratio of p T -spectra for isotropic and jetty events to the spherocity integrated events. We observe the crossing of the ratios for pions, kaons and protons at around 3 GeV/c while for other particles we do not observe the crossing of ratios till 9 GeV/c. This suggests that for minimum bias pp collisions, the production of pions, kaons and protons at low p T are dominated by isotropic events while after 3 GeV/c, the production is dominated by jetty events. For resonances (K * 0 and φ) and Λ, the production is dominated by isotropic events till 9 GeV/c, which indicate different production mechanisms for resonances compared to stable particles. Figure 5 shows the ratio of p T -spectra for isotropic and jetty events to the spherocity integrated events for V0M-I (left) and V0M-X (right) multiplicity classes. To see the effect of multiplicity on the crossing point of jetty and isotropic events, we have taken the lowest (V0M-X) and the highest (V0M-I) multiplicity classes for a comparison. For stable particles like, π, K and p, the crossing point moves towards high-p T , while going from low (∼ 1 GeV/c) to high multiplicity classes (∼ 3 GeV/c). This indicates that particle production in high-multiplicity collisions are dominated by isotropic events whereas in low multiplicity it is dominated by jetty events. The preliminary results from ALICE [19] shows a mass dependence of the crossing points for high multiplicity pp collisions which could be attributed to flow-like behavior. Although the color reconnection in PYTHIA mimics a flow-like behavior [8] , we do not observe mass dependence of crossing points with the default color reconnection setting. Contrary to the results from minimum bias pp collisions, we observe crossing points for resonances and Λ for both V0M-I and V0M-X classes. For high multiplicity pp collisions, the crossing point is around 6 GeV/c while for low multiplicity pp collisions, we could not observe the crossing point due to limited statistics. Figure 6 shows the dN/dy of pions, kaons, K * 0 , protons, φ, and Λ at mid-rapidity (|η| < 0.5) as a function of charged particle multiplicity for isotropic, jetty and spherocity integrated events for pp collisions at √ s = 13 TeV. Pion being the lightest particle, the integrated yield is the maximum compared to other particles. The mass and charged particle multiplicity dependence of integrated yield for spherocity integrated events is similar to the experimental data from ALICE [25] for multiplicity dependence study in pp collisions at √ s = 7 TeV. As it appears, in low-multiplicity classes, the effect of spherocity is minimal, whereas towards highermultiplicity classes, it starts playing a role in making a separation of jetty to isotropic events for all identified particles. The contribution to integrated yield is always dominated by the isotropic events but we observe significant contributions from jetty events as well. As we have observed in the top panel of fig. 2 , the contribution to dN/dy from jetty events decreases with charged particle multiplicity. The bottom panel of fig 6 shows the spherocity integrated-scaled yield as a function of minimumbias-scaled charged particle multiplicity. Slowly towards higher multiplicity classes, a clear separation of jetty to isotropic events is observed. The separation however is the highest for the lightest meson, π. The values of integrated yield of identified particles for different multiplicity classes in isotropic, jetty and spherocity integrated events are tabulated in Table II . 
B. Integrated yields (dN/dy)

C. Mean Transverse Momentum ( pT )
The p T of pions, kaons, K * 0 , protons, φ, and Λ at mid-rapidity (|η| < 0.5) as a function of charged particle multiplicity for isotropic, jetty and spherocity integrated events are shown in fig. 7 . The obtained p T for all multiplicity classes in different spherocity events are tabulated in Table III for all the measured particle species. For low multiplicity classes, we do not observe spherocity dependence which indicate that the p T from isotropic and jetty events are similar to average event-shape. However, for high multiplicity pp collisions spherocity dependence on p T is observed for pions, kaons, protons and Λ. This is one of the reasons that one should use spherocity as a selective parameter along with the charged particle multiplicity. We do not observe the spherocity dependence for resonances for all charged particle multiplicity classes.
After studying these observables in details, let us now focus on the highest multiplicity class, which is of special importance to us, for understanding the spherocity dependent p T -differential particle ratios. Figure 8 shows the p T -differential particle ratio to pions for high multiplicity pp collisions in isotropic, jetty and spherocity integrated events. The trend of particle ratios involving K * 0 and φ for S 0 -integrated events are similar to that of experimental data in pp collisions at √ s = 13 TeV [26] . The kaon to pion and proton to pion ratios seem to be independent of spherocity classes but we observe a clear spherocity dependence of K * 0 , φ and Λ to pion ratio as a function of p T . At low-p T , the dependence on spherocity is negligible for all identified particles. However, at high-p T the ratios of K * 0 , φ and Λ to pion are higher for isotropic events as compared to jetty events. Considering kaon to pion ratio as a measure of strangeness enhancement, although we see a p T -dependent strangeness production, this seems to be independent of event spherocity. Further the proton to pion ratio, which is a measure of baryon to meson ratio, is independent of event spherocity. This ratio increases up to p T ∼ 3-4 GeV/c and then decreases towards higher-p T making the high-p T domain meson rich. This is similar to the experimental observations [27, 28] . For the ratios of K * 0 , φ and Λ to pions, the spherocity integrated events show a p T -independent behavior after around 2 GeV/c, whereas for isotropic events these ratios show a sharp rise. These observations open up new domain of studies, which may shed light on particle production mechanisms taking event multiplicity, spherocity and p T -differential particle ratios.
D. Particle Ratios
The p T -differential particle ratios to kaons for high multiplicity pp collisions in isotropic, jetty and spherocity integrated events are shown in fig. 9 . The proton to kaon ratio seems to be independent of spherocity classes up to p T ∼ 9 GeV/c. But we observe a clear spherocity dependence of K * 0 , φ and Λ to kaon ratios as a function of p T . At low-p T , the K * 0 , φ and Λ to kaon ratios are higher for jetty events and also lower for isotropic events compared to the spherocity-integrated events. However, at high p T a complete opposite behavior is observed. And this behavior is similar to particle ratio with respect to pions. Figure 10 shows the p T -differential particle ratio of proton to φ for minimum bias (left panel) and high multiplicity (right panel) pp collisions in isotropic, jetty and spherocity integrated events. Assuming QGP-like behavior is driven by hydrodynamics, one would expect similar shape of p T spectra at low-p T for proton and φ due to their similar masses [29] . A comparison of p/φ ratio in minimum bias and high multiplicity pp collisions shows a flatness at low-p T in isotropic events for high-multiplicity pp collisions. This hints to the QGP-like behavior in high multiplicity pp collisions. It is worth noticing that at low-p T the p/φ ratio for isotropic events are more flatter compared the S 0 -integrated ones. This leads to an interesting finding that while comparing the experimental p/φ ratio from high multiplicity pp collisions to the heavy-ion data [30] , one should separate jetty events from all the events.
To have a direct comparison to experimental measurements, let us now consider the p T -integrated particle ratios with respect to pions and kaons as a function of spherocity classes and charged particle multiplicity. Upper (lower) panel of fig. 11 shows p T -integrated particle ratio to pions (kaons) for high multiplicity pp collisions in isotropic, jetty and spherocity integrated events. Although, we observe significant spherocity dependence of integrated yield of different particles ( fig. 6 ), we do not observe any large dependence of p T -integrated particle ratios to pions and kaons. This suggests that the relative increase in integrated yield for different particles as a function of spherocity are similar, while indicating that the domain of transverse momentum is very crucial for the nature of particle production. As expected, the ratios of particles with respect to lighter mass particle seem to increase with charged particle multiplicity. The slight increasing trend of K/π, K* 0 /π and Λ/π suggests strangeness enhancement in high multiplicity pp collisions [1] . The trend of p T -integrated particle ratios for φ to π and φ to K in S 0 -integrated events is similar to that of experimental data in pp collisions at √ s = 13 TeV [31] . Due to possible re-scattering effects, the experimental data for K* 0 /K decreases with charged particle multiplicity [31] . But we do not observe the same trend, which indicates that PYTHIA fails to explain the possible re-scattering effects. While comparing the upper and lower panel of fig. 11 , one can observe that although the spherocity dependence on the particle ratio is not high but the dependence seem to be opposite compared to integrated yield in fig. 6 . For all the identified particle ratios to pions and kaons, the contribution from jetty events are higher compared to the isotropic ones. This leads to the conclusion that while studying the QGP-like behavior in pp collisions, one should separate the jetty events from the total events. As one can observe throughout the studies discussed here, the resonance particles, namely K* 0 , φ behave differently for all the observables. This hints for further investigation related to the production mechanism of resonances both in pp and heavy-ion collisions.
V. SUMMARY AND CONCLUSION
We have made an extensive study of various observables taking spherocity and event multiplicity in pp collisions at √ s = 13 TeV using the pQCD inspired PYTHIA 8 model. The aim of the present study is to understand the high-multiplicity pp events at the highest LHC energy in view of a possible formation of QGP-droplet in pp collisions. In view of QGP-like bahaviors observed in the LHC pp collisions and the fact that pp no longer serves as a baseline to understand a possible nuclear medium formation in heavy-ion collisions at the LHC energies, it is crucial to understand the mechanism of particle production in these high-multiplicity events. Through these simulation studies, we invoke the explicit inclusion of MPI and CR effects responsible for particle production in pp collisions and then through transverse spherocity and multiplicity dependent analysis we try to understand various aspects of identified particle production in LHC pp collisions. Our findings are summarized as below:
1. We study the correlation between the multipartonic interactions, event shape (transverse spherocity) and charged particle multiplicity.
2. We report the simulation results on the event shape and multiplicity dependent study of (π
, (p+p), K* 0 , φ and (Λ+Λ) production in pp collisions at √ s= 13 TeV using PYTHIA 8.235 for the first time. This could be confronted to experimental data, when become available.
3. We explore the event shape dependence of the transverse momentum (p T ) spectra, integrated yield, mean transverse momentum ( p T ) and particle ratios of the identified particles. A clear spherocity dependence of p T -spectra is observed for all the particles.
4. The crossing of the ratios of jetty and isotropic events to the spherocity-integrated ones, depend on the multiplicity classes.
5. p T of (π + +π − ), (K + +K − ) and (p+p) depend on spherocity while for other particles, p T does not depend on spherocity.
6. Contrary to p T , the p T -differential particle ratios to (π + + π − ) for K * 0 , φ and Λ +Λ depend on event spherocity while the ratios remain independent for kaons and protons.
7. Weak p T -dependence of proton to φ ratio at lowp T in isotropic high-multiplicity pp events indicates a hydrodynamic behavior. This, along with a signal of strangeness enhancement, hints for QGP-like behavior in high multiplicity pp collisions.
8. Larger dependence of integrated yield on spherocity is observed for high multiplicity compared to the low multiplicity pp collisions. However, the p T -integrated particle ratio shows less dependence on spherocity which suggests that, the relative increase in integrated yield for different particles as a function of spherocity are similar.
9. K* 0 , φ-like resonances showing completely different behavior than the stable particles needs further investigation both in pp and heavy-ion collisions for a better understanding of particle production mechanism.
The present studies in view of the high-multiplicity era of pp collisions at the LHC energies bear high-level of importance in view of a possible QGP-like medium formation in pp collisions, while giving enough differential information about particle production mechanism taking into account event multiplicity, event spherocity, the transverse momentum and multi-partonic interactions. Availability of experimental data in near future would help us having a better understanding of underlying physics behind the high-multiplicity pp collisions at the LHC energies. In addition, these studies should help in fine-tuning the pQCD based event generators, while comparing similar findings in experimental data. 
